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ABSTRACT

The solar system’s Oort cloud can be perturbed by the Galadé and by individual passing
stars. These perturbations can inject Oort cloud objettstive inner parts of the solar sys-
tem, where they may be observed as the long-period cometedpdonger than 200 years).
Using dynamical simulations of the Oort cloud under the yrbihg effects of the tide and
61 known stellar encounters, we investigate the link betwerg-period comets and encoun-
ters. We find that past encounters were responsible fortingeat least 5% of the currently
known long-period comets. This is a lower limit due to theompleteness of known encoun-
ters. Although the Galactic tide seems to play the dominaletin producing the observed
long-period comets, the non-uniform longitude distribatiof the cometary perihelia sug-
gests the existence of strong — but as yet unidentified -astticounters or other impulses.
The strongest individual future and past encounters artegtlg HIP 89825 (Gliese 710) and
HIP 14473, which contribute at most 8% and 6% to the total fluboog-period comets, re-
spectively. Our results show that the strength of an enevwain be approximated well by a
simple proxy, which will be convenient for quickly identifig significant encounters in large
data sets. Our analysis also indicates a smaller populafitme Oort cloud than is usually
assumed, which would bring the mass of the solar nebula ineowith planet formation
theories.

Key words: stars — Oort Cloud — celestial mechanics — solar neighbaathe Galaxy:
kinematics and dynamics

1 INTRODUCTION cloud (OC), which was proposed by Qoart (1950) to explain the
large semi-major axes>( 20, 000 au) of long-period comets (those
Planetary craters reveal an extensive history of bombanthne with periods larger than 200 yr). The angular momenta of ¢eme
caused by asteroids and comets. Large impacts on the Earthin the OC are changed by the gravitational perturbationsfro
may have triggered global catastrophic events such as tfie K- the Galactic tide and stellar encounters. When the angutar m
mass extinction| (Alvarez et'al. 1980; Schulte et al. 2010)uf- mentum or perihelion of an OC comet becomes small enough, it
derstand such events and to predict the risk of future ingpact would be observed and classified as a long-period comet (LPC)
it is necessary to study the past and current impact ratedn th By integrating the orbit of an LPC back in time we may be able
solar system. One approach to this is to date impact cratersto identify the stellar encounter responsible. (Dybckyf2002;
(lvanovi 2002} Bottke et al. 2005), although many terrektriaters Rickman et all 2012; Feng & Bailer-Jones 2014). In genergl, d
have large age uncertainties and very few ages exist foatextr namical simulations of the formation and evolution of the &€
restrial craters| (Wilhelms, McCauley & Trask 1987; Cullenk crucial for improving our understanding of the origin of 8adike
2000; Jourdan, Reimold & Deutsch 2012). Another approat¢h is  bodies|(Brown, Trujillo & Rabinowitz 2004; Morbidelli & Le&gon
dynamically simulate the motions of asteroids and cometistan 2004; | Kenyon & Bromley| 2004] Kaib, RoSkar & Quinn_2011;
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calculate their impact rates. For example, the late heawybland- Trujillo & Sheppard| 2014), the birth environment of the Sun
ment can be explained by the migration of giant planets irfNilce (Levison et al. 2010; Brasser etlal. 2012), and the cometapact
model (Gomes et &l. 2005; Tsiganis €l al. 2005). rate on the Earth (Feng & Bailer-Jones 2014).

In addition to the analysis of minor bodies in the inner so- However, few studies have systematically investigatedrthe

lar system, many previous studies have examined the ewpluti fluence of observed stellar encounters on the OC and thus on
of the outer solar system and the planetary impact rate @ssdc the flux of LPCs. Most studies have only estimated the inflaenc
with it (Everhart 1967; Weissman 2007; Kaib & Quinn 2009)isTh  of a few close encounters or have used empirical modelserrath
may be modulated by the solar orbit in the Galaxy, as thisggsn  than through dynamical simulations. In this work we try td-be
the stellar density in the solar neighbourhood (Gardnel 2041 ; ter quantify the influence of encounters by using dynamioat s
Feng & Bailer-Jones 2013; Feng & Bailer-Janes 2014). Specifi ulations of the OC to model the cumulative effect of many elos
cally, the outer part of the solar system is occupied by the Oo encounters. We collect known close and strong encounters fr
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Bailer-Jones (2015); Dybczyhski & Berski (2015); Mamaglal.
(2015). We then simulate the OC comets by taking into accient
gravitational perturbations from these encounters and3akac-

tic tide. To investigate the role of each perturber, we cehdim-
ulations of the OC under perturbations from the tide onlgjrfr
encounters only, and from both (which we call “combined simu
lations”; see_Feng & Bailer-Jones 2014 for details). We uge s
scriptst, e, c to refer to these types of simulations respectively.
Using these results we measure the effect of each encouster u
ing various metrics. By comparing the results of the thrgmesy
of simulations we investigate the nature of non-linearraxtéons
between the tide and encounters, the so-called“synergctéff
(Heisler, Tremaine & Alcock 1987; Rickman et al. 2008). Hipna
we compare the angular distributions of the perihelia of ER@d
encounters to assess the influence of the solar motion omitrent
LPC flux.

2 DATA

We collected the data of stellar encounters from three ssurc
Bailer-Jones (2015) (hereafter BJ15), Dybczyhski & Bif2R15)
and [ Mamajek et al.| (2015). Following Bailer-Jdnes (2015 w
use the term “object” to refer to each encountering star in ou
catalogue. A specific star may appear more than once but with
different data, thus leading to a different object. As dibsct
in BJ15, we use GCS (G), RAVE (R), Pulkovo (P) to denote
the catalog of objects with radial velocity obtained by sros
matching the revised Hipparcos catalog (van Leeuwen| 20@h) w
the Geneva-Copenhagen survey datal by (Casagrande et &), 201
with the Pulkovo catalogue (Gontcharov 2006), and with Rave
DR4 (Kordopatis et al. 2013), respectively. We also use ftata
the XHIP (X) catalog|(Anderson & Francis 2012) and the XHIP
catalog adapted by _(Dybczyhski & Beiiski_2015) (D). We also
include WISE J072003.20-084651.2 (W0720) with data from
(Scholz, Bihain & Storm 2014; Mamajek etlal. 2015) (M). In sum
mary, the catalogs of G, R, P and X are from BJ15, and catalog D
and M are from their corresponding references.

We first select all objects with mean perihefig, < 2 pc from
the catalog provided by BJ15. This gives 65 objects. Howewere
distant encounters can also have significant perturbirecefive
therefore select additional encounters using a prgxior the size
of the perturbation, defined as

MCHC
2
dphvph

g= 1

-0

dpn
where M., is the mass of the encountering star in solar masses,
dpn is its perihelion distance in pc, angy is its velocity at per-
ihelion in the heliocentric rest frame (Rickman 1976) in fen
~ (which is defined by the above equation) is linearly propor-
tional to the impulse of the Sun gained from the encounted, an
was used as a proxy for encounter strength in our previouk wor
(Feng & Bailer-Jones 2014) (hereafter FBJ14). We will seseicr
tion[4] thatg is actually a better proxy, which is why we use it
here.

The values of for the 65 selected objects ranges frofn* to

3. Of these, 34 objects haye< 0.0l(M@pc”km*ls), and these
can only inject about one in a million LPCs from the OC comets
(see section 411 and Talhle 1). To select encounters witlasit tieis
perturbation strength but which have perihelia beyond 2yecad-
ditionally select all encounters with > 0.01(Mgpc™ 2km™'s),

yielding another 25 objects from BJ15's catalog. We thep aks

lect the 12 new encountering objects with perihelia lesa thpc
found by| Dybczynski & Berskil (2015), as well as the close en-
counter W0720 from_Mamajek etlal. (2015). The masses of these
objects are either from the literature or estimated acogrth their
stellar types based on Table 1 of Rickman et al. (2008). Sirargy
sources may be unresolved binaries, the masses may have unce
tainties as large as 200%, especially for the estimatedena¥ée

are left with a sample of 103 objects, of which 90 are from BJ15
and 13 are from other catalogs. We will do full integratioasdll
selected sources.

For each object, we resample the observed data according to
the observational errors (as described in BJ15) to creaQedifo
ferent initial conditions. We integrate the orbits of alirgales, and
select the trajectory which gives a perihelion closest torttean
perihelion given in the catalo@ This trajectory is more repre-
sentative of the mean perihelion than using the nominalrebde
data, due to the nonlinear propagation of errors (see BJ1®.
time (tpn), Velocity (vpn), and distanced,,,) of each object at its
perihelion are calculated for the selected trajectory. f@seilting
data are shown in Tal[é 1.

In what follows we study the individual and collective influ-
ence of the 103 encountering objects on the OC. For thisatlée
assessment we select a unique object for each star to germerat
sequence of encounters such that each star occurs only \Mece.
select objects from the catalogs in the following decregasirder
of priority (set by our assessment of their reliability):®5 X, M, D,
and R. We call this set of object tlmasic sequenceSome objects
in this sequence have dubious radial velocities, properamsi or
parallaxes. By excluding these objects according to thencents
in BJ15 and Dybczyhski & Bersk| (2015), we define a subset of
the basic sequence which we call tlefiable sequenceEncoun-
ters are labelled “b” or “r” in Tablg]1 according to which segae
they belong to (all “r” are also in the basic sequence), wititese
labelled“n” are not in either sequence.

3 METHOD
3.1 Simulation scheme

Following the simulation scheme in FBJ14, we conduct theds s
of simulations to study the influence of stellar encounterste
OC: tide-only, encounter-only, and combined encounti-8im-
ulations using theAMUSE software |(Portegies Zwart etlal. 2009;
Pelupessy, Janes & Portegies Zwart 2012). We use the Galaxy
model and initial conditions of the Sun as in BJ15. The ihitia
conditions of the OC comets are from FBJ14, which were gen-
erated from a model adapted from Dones éetlal. (2004a)'stegsul
and which we call the DLDW model. In this we used an inner
boundary for the smallest perihelia of comets in order toidavo
the influence of planets on the OC. However, this results iora n
equilibrium initial distribution. To overcome this proloe we use
tide and encounter-like perturbations (see FBJ14) oveiVigGo
move the OC closer to the kind of steady state it would haverato
the present time. We then take the coordinates of 10 millammets
which remain in the OC at the end of this as the initial coodisi

for the following simulations. We will integrate the orbif each

1 The mean and median of the distributions of perihelion tidigtance and
velocity are very similar: see BJ15 and its supplementafyrination on

http://ww. npi a. de/ hones/ cal |/ stellar encounters/stellar encount
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Table 1. Data on the 45 most perturbing encounters according to thebau of encounter-induced LPCA]. (and sorted by this value). This value was
calculated from the encounter-only simulations using oriléom OC comets. The objects are denoted using Hipparcas dkcept for W0720, which is
denoted by “0720". The penultimate column (“seq”) denotesdequence which an object belongs to: “r’" denotes objadtsei reliable sequence, a subset
of the basic sequence with reliable data; “b” means objecthe basic sequence but not in the reliable sequence; andditates objects in no sequence.
The reference to the stellar masses is given in the last ¢oli(h)-estimated” means the mass was estimated accorditigetstellar type. The full list of 103
encounter objects is available online.

HIPID cat  Menc toh Uph dph g x 100 Ne fmax ATmax fo Seq ref
Mg Myr  kms1! pc  Mgpc 2km~1ls x103 Myr x10%
85605 X 0.7 0.34 20.98 0.103 312.0 539 555.3 0.80 0.0 b (@)
89825 X 0.6 1.42 13.99 0.267 60.4 187 154.6 1.19 0.0 n 2)
63721 P 1.7 0.14 36.09 0.273 63.2 159 1375 1.30 0.0 b 1)
89825 P 0.6 1.30 14.76 0.363 30.8 115 82.0 1.56 0.0 r 2)
14473 D 11 -3.52 36.16 0.282 38.4 67 58.4 1.79 362.1 r (@)
14576 X 6.0 -8.48 3.28 4.059 11.2 38 215 1.43 38.0 n 3)
103738 P 25 -3.71 18.09 0.825 20.3 31 14.9 9.33 61.0 r 4)
14576 P 6.0 -4.30 6.48 3.145 9.4 31 18.0 1.34 114.4 r ?3)
85661 P 1.7 1.92 46.39 0.594 104 22 9.7 5.10 0.0 r 1)
84263 D 1.0 -6.29 11.92 1.201 6.0 14 7.6 0.80 36.5 r 1)
27288 X 3.2 -0.86 24.76 1.300 7.6 12 7.8 5.14 454 n 1)
27288 P 3.2 -0.86 24.50 1.300 7.7 12 7.8 5.07 454 r (2)
26744 D 13 12.64 4.83 1.714 9.2 9 2.2 9.31 0.0 n 1)
25001 P 3.1 4.92 17.00 2.185 3.8 8 6.4 13.86 0.0 r 1)
71683 G 11 0.03 34.14 0.902 4.0 7 51 0.84 0.0 r (5)
71683 P 1.1 0.03 34.29 0.910 3.9 7 51 0.84 0.0 n 5)
71683 X 11 0.03 31.84 1.001 3.4 7 5.1 0.84 0.0 n (5)
87052 D 3.2 5.75 35.68 1.812 2.7 7 5.1 0.88 0.0 r 1)
71681 R 0.9 0.03 29.67 0.912 3.6 6 51 0.84 0.0 n (5)
25001 D 3.1 3.97 22.83 2.069 3.2 6 5.7 14.47 0.0 n 1)
30344 P 0.8 -1.94 14.71 1.394 2.7 5 3.7 17.66 7.5 n 1)
71681 X 0.9 0.03 30.32 1.062 2.6 4 3.7 19.55 0.0 r 5)
30344 G 0.8 -1.98 14.25 1.415 2.7 4 3.7 17.67 6.5 r (1)
26624 X 2.1 -1.84 22.89 1.939 2.4 4 3.7 17.78 8.8 n 1)
26624 P 2.1 -1.88 22.06 1.984 2.4 4 3.7 17.74 7.9 r Q)
25001 X 3.1 3.64 23.47 2.226 2.7 4 35 3.45 0.0 n (@)
42525 X 1.3 -0.26 59.99 0.955 2.4 3 2.1 6.26 20.3 r 1)
94512 X 3.2 3.77 30.21 1.829 3.2 3 2.1 9.09 0.0 n 1)
93506 X 5.3 -1.01 25.90 3.323 1.8 3 4.1 0.45 35.6 n (6)
93506 P 53 -1.02 26.03 3.329 1.8 3 4.1 0.43 34.7 r (6)
23415 D 3.2 4.22 30.90 1.650 3.8 3 2.1 0.16 0.0 r 1)
91012 R 1.3 0.26 349.23  0.486 1.6 2 4.2 5.90 0.0 b 1)
30344 X 0.8 -1.55 18.86 1.160 3.1 2 2.1 17.31 0.0 n Q)
38965 X 1.3 -1.23 54.83 1.330 13 2 2.1 0.02 10.0 r (@)
25240 P 1.5 -1.06 54.60 1.623 1.1 2 2.1 0.44 17.2 n (2)
25240 G 15 -0.99 53.82 1.665 1.0 2 2.1 0.50 18.3 r 1)
94512 P 3.2 3.51 29.59 2.241 2.2 2 2.1 14.40 0.0 r Q)
32349 P 3.0 0.04 17.54 2.505 2.7 2 2.1 0.48 0.0 r )
32349 X 3.0 0.05 17.55 2.498 2.7 2 2.1 0.48 0.0 n ©)
26744 X 1.3 12.98 5.19 2.630 3.6 2 11 -2.90 0.0 n (@)
26744 P 1.3 16.13 3.94 2.990 3.7 2 1.1 -6.05 0.0 n 1)
26744 G 1.3 13.16 4.74 2.969 3.1 2 11 -3.08 0.0 r 1)
18907 X 2.2 5.00 6.93 5.107 1.2 2 3.9 1.14 0.0 n (8)
18907 P 2.2 4.96 7.05 5.698 1.0 2 3.9 1.18 0.0 r 8)
W0720 M 0.1 -0.07 83.58 0.252 2.8 1 5.2 0.44 52.3 r 9)
(1)-estimated, (2)-Garcia-Sanchez etlal. (1999). (¥eRet al. (2007), (4)-Bailer-Jones (2015),/(5)-Théveial. (2002),
(6)1De Rosa et all (2012), (7)-Liebert et al. (2005), (8)Adg@ini & Morossi (1990), (9)-Mamaiek etlal. (2015)
individual OC comet under the influence of the gravitatiopat- ically, if [¢t,n| > 10 Myr we adopt a 20 Myr time span, otherwise
turbations. we use a 10 Myr. In the case of encounter sequences, we simulat

10 million OC comets over a time span of 10 Myr. Encounteriwit
In the following we apply the tide-only, encounter-onlydan  perihelion times out of this window are naturally excluded.
combined simulations to the time span covering each indalid
stellar encounter as well as the two sequences of encoufRterthe
study of individual encounters we simulate one million OCtipa
cles over a time span of 10 Myr or 20 Myr from now, either inte th
future or the past according to when the perihelion occyrsch-



4 Fabo Feng & C. A. L. Bailer-Jones
tph tma><
9
3 -
o
2
3 -
— o
o
o
S -
o
o
o
o U T
o
I I I I I
0 10 20 30 40
t/Myr

Figure 1. The distribution of the flux ratiof,, over time for HIP 14576 (Al-
gol) based on backward simulations of 1 million OC comets G@Myr.
This distribution is obtained from a kernel density estienaver the injec-
tion times of the individual LPCs (shown in grey lines at tlogtbm) using

a Gaussian kernel with a scale length of 1 Myr. The green ashdirres in-
dicatet = 0 Myr andt = ¢y, (encounter perihelion) respectively. The blue
line marks the time whelf reaches its maximum.

3.2 Analysis of LPC flux

Having integrated the comet orbits in the above simulatioves
then calculate the resulting LPC flux. To do this we use twanilefi
tions of an LPC.

First, an OC comet is counted as an LPC when its perihelion
is less than 15 au. Within this so-called “loss cone” (LCara-
tary perturbations can strongly influence the orbit of theneband
either capture or eject it (Wiegert & Tremaine 1999). Altgbwb-
servedLPCs have perihelia less than 5 au (the “observable zone”),
we found in earlier work (FBJ14) that the flux of comets ingett
into the LC is approximately linearly proportional to thajected
into the observable zone. The injection time of an LPC is witen
pericentric distance is equal 16 au,» = ¢.. This injection time
is calculated by extrapolating the trajectory of the comentthe
place where it gains the impulse to its perihelion, assuraikgp-
lerian motion.

In addition to LPCs in the LC (or LC LPCs), there is another
type of LPC, “dynamically new LPCs". These are comets which
have enough energy to penetrate the Jupiter—Saturn bandezn-
ter the observable zone within one revolution (Heisler &iiagne
1986). Following Dybczyhski & Krolikowske (2015), we couan

hardly changes over a few million years (FBJ15), the LPC flux
caused by the tideF;(t), can be considered as constant, i.e.
Fi(t) = F; over our integration time span of 10 Myr. To quan-
tify the influence of encounters on the Oort cloud, we defiree th
flux ratio as

f(t) = Fe(t)/Fr @)

where F} is the average flux over the integration time span. The
encounter-induced flux. (), is derived from the encounter times
using a Gaussian kernel with a scale length of 1 Myr. Sincéidee
dominates the production of current LPCs (Matese & Whitmire
2011; Dybczyhski & Berski 2015), the flux ratio is also a gy
proximation of the contribution of encounters to the totBId flux.

To characterize the perturbations on the OC from encounters
we further define the maximum flux ratio as

fmax = Fe(tmax)/Ft 3 (3)

where F. (tmax) is the maximum flux of the encounter-induced
LPCs, and,.x is the corresponding time. If the encounter-induced
LPC flux is small,fmax may be sensitive to the scale length used to
smooth the temporal distribution of LPCs. We should exercesu-
tion in interpreting fmax When the number of encounter-injected
LPCs,N,, is less than 10. From this we also define the time delay,
ATnax, between the time when encounter-induced flux reaches its
maximum and the perihelion time,.

To estimate the influence of encounters on the current LPC
flux, we further define the current flux ratio as

Jo=Fe(t=0)/F; . 4)

Since an encounter can only significantly influence the OGsat i
perihelion — very slow encounters being rare exceptionsturdéu
encounters generally do not influence the current LPC fluxsTh

is forced to be zero for future encounters. The calculatiofi.Qx,
ATmax andfo is illustrated by the example of Algol in Figué 1.

4 RESULTS
4.1 LPCsinduced by individual encounters

We conduct tide-only, encounter-only, and combined sitinria
over 10 Myr or 20 Myr from now for each encounter for one miilio
OC comets generated from the DLDW model. We count the result-
ing number of LPCs as a function of time, analyze the influerice
encounters using the statistics introduced in se¢fichah@,show

the results in Tablel1. Among the 103 objects in our encolgater

ple, we only show the quantities of the 44 strongest objetiishv
induce at least 2 LPCs in the simulations. We also show thdtses

LPC as a new LPC when its perihelion decreases from a value for W0720, which is one of the closest stellar encountersidosp

larger than 15au to a value less than 5au within one revalutio
Since planetary perturbations probably cannot change d Ré&is
perihelion significantly over one revolution, our negletiptane-
tary perturbations in the simulations does not signifigeditininish
the accuracy of the computed LPC flux.

With these definition of LPCs we calculate the injection time

of LPCs generated in simulations of the OC. We use kernel den-

sity estimation to convert these discrete times into a oootils
LPC flux as a function of timeF.(¢). From this we can estimate
the maximum and the current LPC flux induced by individual en-
counters. To compare this with the effect of the Galactie,tide
estimate the strength of an encounter using the ratio ofterieo
induced to tide-induced LPC flux.

Since the tidal force imposed on the OC from the Galaxy

far (Mamajek et al. 2015).

In table[1 there are 12 objects which induce more than 10
LPCs. Of these, seven induce LPCs which have perihelionstime
aroundt = 0 Myr. We select all the objects in the reliable sequence
and add their current flux ratigp, and find that these objects in-
duce about 5% of the current LPC flux. Although the first three
objects have strong influence on the Oort cloud, their dataiar
reliable (BJ15 and Dybczyhski & Berski 2015), so we do nat di
cuss their results further. We find that the encounter whashrbli-
able data and induces the most LPCs is HIP 89825 (GL 710). This
object is also confirmed as the strongest near-future eneoby
many previous studies (Garcia-Sanchez &t al.|1999; Bulad10).
However, it can induce an LPC flux which is only 8% of the tide-
induced flux. In contrast, (Matese & Lissauer 2002) has fo@hd
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710 to induce 1.4 times as many LPCs as the tide. This disecgpa
is understandable because we calculate the time when caets
tually reach their perihelig(r = ¢c), while (Matese & Lissauer
2002) use the time when comets achieve the necessary intpulse
(later) reach a small periheliong = ¢ic). Another way of seeing
this is that we calculate the flux by effectively averaging ttum-
ber of LPCs over the typical orbital period of an LPC (aboutya@M
while they effectively average over the encounter timees¢atbout
0.1 Myr).

Since HIP 85605 and 63721 do not have reliable astrometric
solutions (BJ15 and Dybczyhski & Berski 2015), we instead-c
sider GL 710 and 85661 as the strongest two future encouitees
strongest past encounter is HIP 14473, contributing abd®%6 3o
the current LPC flux, and at most 6% of the total LPC flux. We
note, however, that this star has larger proper motion taicties
(Dybczyhski & Berski 2015). We find that the other two strquagt
encounters are HIP 103738 (gamma Microscopii) and HIP 14576
(Algol), both of which are massive and relatively slow. Thelial
velocity of Algol is very close to zero with a standard errons
ilar to its magnitude, leading to a large uncertainty in tlegilpe-
lion time. Our results are largely consistent with the fimgirof
Fouchard et all (2011), namely that massive stars can hewegst
effects on the Oort cloud without having to make a very clase e
counter.

To illustrate further the role of encounters in perturbing ©C
comets, we take HIP 89825 (GL 710) as an example. The upper
panel of Figurd P shows the temporal distribution of the el
LPCs and reveals a long-term influence of HIP 89825 on the OC.
In the lower panel we see that HIP 89825 can change the pierihel
of an LPC instantaneously and thereby allow the tide to gabylu
reduce the perihelion until the comet is captured by thegitan

It is interesting also to examine the imprints of encounters
the distributions of the orbital elements of LPCs. Figure®pares
the orbital elements of comets in the initial OC with thosetaf
comets generated in tide-only, encounter-only, and coetbému-
lations for HIP 103738 (Gamma Microscopii). (For the endeon
only simulations we increased the samples size to 10 milliéh
comets in order to improve the statistical significance ¢ dibital
elements of LPCs are calculated when they are injectedtieth€;
this is appropriate because most orbital elements do nogehsig-
nificantly over the course of a single orbit.

We performed this analysis for other encounters too. Oleral
we find that encounters tend to push comets with large serjgrma
axes into the inner solar system (i.e. to become LPCs), kecau
the outer part of the OC can experience stronger tidal fdroes
weak encounters (with largg,). Itis necessary that all LPCs have
large eccentricity and small perihelia in order to be LPCewH
ever, while the encounter-induced LPCs can have perihalichm
less than 15 au, tide-induced LPCs have perihelia whicherenc
trate around the LC limit (15 au). This highlights the imatrole
of encounters for injecting comets into the observable zone

In addition, tide and encounter perturbations have differe
influences on the other orbital elements. The tide tendsjéxtin
comets with high inclination while encounters do not. TheClsP
induced by the tide generally show a W-shaped distributiotihé
longitude of the ascending nod®, Finally, the argument of per-
ihelion of tide-induced LPCs concentrate around= 50 deg and
w = 240 deg while the distribution for LPCs induced by Gamma
Microscopii is concentrated around = 100deg. These non-
uniform distributions are caused by the anisotropic pedtions
imposed on the OC from the tide and encounters, which we will
further discuss in sectidn 4.4.
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Figure 2. Upper panel: the distribution of the injection time of LP®s i
duced by HIP 89825 (GL 710) for a simulation of 10 million OCtdes.

Lower panel: the variation of the perihelion of an exampleCLithder the
perturbations from GL 710 (dashed black line), from the fithn black

line) and from both together (thick black line). The red amdem dotted
lines show the upper limits of the loss cone and observahie zespec-
tively. The blue vertical line shows the perihelion time df @10 in both

panels.

4.2 Comparison of perturbation strength proxies

In section 2 we used the proxy, to select encounters. Here we
compare the two proxieg,and-, with the actual number of LPCs
induced, N.. Figure[4 shows the log-log plot of the relation be-
tween each proxy ant/.. We fit linear functions ofy andg with-
out intercept toN., i.e. No. = ay and N, = g, wherea and
B are unknown and to be fit for. The proxy fits the number of
encounter-induced LPCs wity® = 12.6 compared to¢? = 47.1
for ~, indicating thaly is a better proxy.

We also vary the index af,,y, to find the best function form of
N, which is

Ne = Mene/(dJyvpn) , (5)

wherern and§ are unknown. The best fit of the data gives an ex-
ponent of 1.92d = 1.92) for d,, (Egn.[d), which also suggests
that theg proxy is better than the proxy. However, this analysis
only includes observed stellar encounters, which natunatiudes
very few rare, strong encounters. It also omits very wealoenc
ters, which could not have perturbed any of the 1 millionipbes

in our simulations. Thus could still be a good proxy for very weak
or very strong stellar encounters, as is suggested by Faliehal.
(2011) and Feng & Bailer-Jones (2014).
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Figure 3. The distributions of orbital elements of initial OC comettack lines) and comets that are injected into the LC in titypes of simulations for HIP
103738 (other lines). The former are orbital elements of ©O@e&ts before any tidal perturbations while the latter aeedhes calculated when comets are
injected to become LPCs. The legend in the top right paneheefihe lines for all panels: comets generated from the OCLBCs generated in combined,
tide-only, and encounter-only simulations. In clockwisdes from the top left, the panels show the: semi-major axisccentricitye; periheliong; inclination

I; longitude of ascending node argument of periheliorw. Note that the distribution afos I is uniform if the LPCs are isotropic. The number of cometian t
OC and the LPCs generated in the combined, tide-only, anoluaiter-only simulations arg0®, 1892, 1912, and 444 respectively. To display the diffegenc
between encounter-induced and tide-induced LPCs betéeplat log densities ovebg,,(1 — e) (to better distinguish between very high eccentricities) a
log;((g/au), rather thare andg. The OC model used in the encounter-only simulations cosithd million comets. The range of orbital elements are ditid
into 100 and 20 bins for the original OC comets and LC LPCseetvely. The strong fluctuations of the red lines arolwgh (1 — ¢) = —3 and for
logqy(g/au) < 0.8 are caused by sample noise.

4.3 LPCsinduced by encounter sequences because they cannot change the perihelion sufficiently agtiort
B o ) interaction period (typically a few thousand years). Thde tiin
In addition to individual encounters, we combine encousiter contrast, can gradually reduce the perihelia of comets kargel

form encounter sequences and simulate their influence 0@@e  5mount. Assuming there ar®'2 comets in the OC, (Weissman
over the past and future 10_Myr. To effectively account f(mrd%lff_ect 1990/ 1996 Dones etlal. 2004b), the averaged rate of dyagignic
of weak encounters, we simulate with a sample of 10 million OC o\ LPCs (with perihelia less than 5au) is about 70 per year ac

particles. We apply the tide-only, encounter-only, and lsored cording to our simulations. For combined simulations far thli-
simulations to integrate the motions of OC particles forhbite able sequence, there are about 30 new comets per year which ap
reliable and the basic encounter sequences (see sektibhe)e- proach within 1 au of the Sun. This is about one order of mageit

sulting number of LPCs is shown in Taljfe 2. We see that over the larger than the discovery rate of 2.1 new comets (witkt 1au)
past/future 10 Myr, the reliable sequence of encountergicaies per year|(Dones et &l. 2004b). If the DLDW model is correct and
about 8% to the total LPC flux (columiVe /N¢). The basic Se-  ihe planets do not change the flux of new LPC over a 10 Myr time
guence contributes about 38% to the total future flux, dumamily span, and if most dynamically new comets with< 1au are in-
to the strong perturbations from HIP 85605. Although HIP@56  jeeq discovered, then our simulations suggest a smallelqtam

has dubious astrometry (BJ15), we nonetheless includethén 4t 5 comets, of ordet0!! comets, and thus a smaller total mass
basic sequence, not least to get an idea of the influence dd@he ¢ the OC.

of possible undiscovered strong encounters. The resultidaeli-

able sequence should be used to see the effect of known eacgun We can also investigate the nonlinear effect caused by the

although this sequence is almost certainly incomplete. combined perturbations from the tide and encounters (tmbed
Table[2 also shows that encounters seem less able to generatésynergy effect”) in delivering LPCs from the OC _(Rickmanat

dynamically new comets by themselves (columuyn.). This is 2008). The synergy effect is measured by the fractionatdifice
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Table 2. The number of LPCs injected into the L@/{ and the number of dynamically new LPGs) (for simulations of 10 million OC particles over the
past/future 10 Myr for the two encounter sequences. Thecsiphsc, ¢, ande refer to combined, tide-only, and encounter-only respelti The last two

columns give the two synergy parameters,andsnew -

Sequence| Time span Ne N Ne Ne e e Ne/Nt | ne/ne | 51¢(%) | Snew(%)
Reliable | ~10toOMyr [ 19735 18672 | 1571 | 7089 | 6634 | 281 | 0.084 | 0.042 -2.3 2.5
Otol10Myr | 20151 | 18873 | 1560 | 7147 | 6708 | 200 0.083 0.030 -1.4 33
Basic -10toOMyr | 19764 | 18672 | 1604 | 7125 | 6634 | 279 0.086 0.042 -2.6 3.0
0to10Myr | 24571 18873 | 7080 | 8441 | 6708 | 1525 | 0.38 0.23 -5.6 2.5
§ — ° very few massive encounters in our real data |set (Fouchald et
~ Ne=444y 2011).
o | x%=48.3 o ? Generally, the synergy effect is negative for LC LPCs, but is
S ° positive for dynamically new LPCs. An encounter may perfoM®
N o comets in the opposite direction to the tide, thus redudiegliC
o O . .
= Q 6 LPC flux compared to when either acts alone. Thus the negative
i %o synergy effect for the sequence may be caused by one or a few
o goooo strong encounters. In contrast, the tide is not sufficiennject
0 009 comets into the observable zone directly (see the top rightebp
N © o oamwo of Figure[3). Thus new LPCs tend to be injected by the combined
— Ho oo om0 impulse from the tide and encounters, leading to a posijwergy
I I I I I I I I eﬁeCt.
0.002 0.010 0.050 0.500 We may also examine the flux ratio of encounter-induced
y LPCs over time and the evolution of the perihelia of some exam
8 ple LPCs. This is shown in Figufé 5 for the reliable sequefibe.
0 Ne=182g shape of the flux ratio in the left two panels is driven by thearb
o | o x2=13.6 vational selection effects in our sample: there are feweoenters
S the further we go into the past or future and so fewer injestio
. at times far from the present. Nonetheless, injections @uiro
2 o | well after the encounter perihelion. According to the lefotpan-
N els, the contribution of past encounters to the current LBCifl
7] about 6%, which is only a lower limit due to the incompletenes
© The past-future asymmetry in the flux ratio and the sharpedeer
N aroundt = 0Myr are caused by the time required by LPCs to
o - anebo @ao reach their perihelia. Most encounters have a perihelioa tiithin

0.005 0.050 0.500

g

Figure 4. The relation between encounter-induced LPC flux and the two
proxies; (upper) andg (lower). For both panels, the red line denotes the
optimized fitting function. The legends show the fitted fimres of Ne ()

and Ne(g) and the Pearson'’s chi-square for them (with 61 degrees ef fre

dom).

in number of LPCs injected into the LC by the combined vs. en-
counter and tide alone, i.e.

Slc = (Nc_Ne_Nt)/Nc~ (6)

The synergy parameter for just the dynamically new cometisris
ilarly

@)

Values ofs for both sequences and time spans are shown in [able 2.
The synergy effect is not significant — only a few percent -bfuth
sequences for both dynamically new and LC LPCs. This is small
compared to the synergy effect found in the late stage of tAgr5
simulations for simulated encounters performed by Ricketaad.
(2008). This is probably a consequence of the relativelytdioe
span of our simulations which does not permit us to incluage th
long-term effect of massive encounters, plus the fact trahave

Snew = (nc — Ne — nt)/nc-

5 Myr from now, and have orbital period of around 5 Myr. Thue th
flux ratio reaches its maximum at around 4 Myr and -1 Myr for the
future and past sequences of encounters respectively. &\ia Hee
right panels that encounters can always intensify the tiariaf the
perihelion of an LPC, and thus make it more likely to enteo ifie
observable zone from outside of the LC within one revolutitinis
again explains why the synergy effect is positive for new EPC

4.4 Angular distribution of the perihelia of LPCs and
encounters

Many previous studies found that the dynamically new LPG&ha
anisotropic perihelia_ (Delsemime 1987; Matese & Whitmiré 20
FBJ14). Here we reexamine this by investigating the efféene
counters on the angular distribution of the LPC perihelia.

The left panel of FigurE]l6 shows, in Galactic coordinates, th
positions of the aphelia of encounter-induced LPCs (redszs)
and the perihelia of the stellar encounters (blue crosseshé re-
liable sequence of past encounters. We observe an Eastgyest
metry in the directions of the aphelia of LPCs. This is duéin-
homogeneity in the distribution of strong encounters. Ve ake a
significant difference between the locations of the apladlibe ob-
served LPCs (black points) and the simulated LPCs (red espss
We further investigated the aphelia of LPCs induced by thedind
find a similar discrepancy. Given that the set of encounterbave
is incomplete, and only accounts for about 5% of the LPC fltux, i
is not surprising that we see little correlation. The obedrset of
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Figure 6. An Aitoff projection in Galactic coordinates of the aphéperihelia of LPCs/encounters for the reliable sequengmsf encounters (left panel) and
HIP 103738 (Gamma Microscopii, right panel). In the left plathe blue crosses show the perihelion of the encountées size of the cross is proportional
to the number of LPCs the encounter has induced accordingtiedl (although a lower limit of the size is set for very weakaunters). The red crosses
show the aphelia of dynamically new LPCs in the simulatiod tre black points show the aphelia of observed dynamically InPCs. The black star symbol
indicates the solar apex, and the dashed line shows theneefidal plane, the normal to which is the solar apex (FBJIHe right panel is similar, but is

only for HIP 103738, and does not show the observed LPCs atliticathlly shows the aphelia of LC LPCs in the simulationliye open circles). The blue

curve is actually a sequence of points showing the encotnajectory when its pericentric distance is less than 4 pchEpoint gives the star’s position at a

equally-separated time interval of 0.001 Myr.
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Figure 5. The flux ratio, f, as a function of time (left panels) and the change
of the perihelion of an example LPC (right panels) for théal#k sequence
for future (top) and past (bottom) encounters. The left gaaee similar

to Figure[1. Note thaff (¢ < 0) is set to be zero for future encounters.
The right panels show the perihelion variation of an exaryfl€ for both
the tide-only (thin) and the combined perturbations (thidke perihelion
times of the five strongest future/past encounters are shatmvertical
dotted lines and denoted by their Hipparcos IDs.

LPCs is also likely to be incomplete (as what we see “now” only
covers a few tens of years).

noise. We get similar results when we analyze the LPCs irtlbge
the reliable sequence of future encounters.

The right panel of Figurigl 6 shows the aphelia of LPCs induced
just by HIP 103738 (Gamma Microscopii), one of the strongest
cent past encounters. We find that the aphelia of both LC LR@s a
dynamically new LPCs cluster near the trajectory of the anter,
although the geometry of the OC and characteristics of ertegs
complicates the spatial distribution of LPCs’ perihelia.fartic-
ular, the aphelia of LPCs tend to concentrate around thditoca
where the encounter was close to its perihelion. This isethby
the fact that an encounter generally has stronger geonmetafer-
ence in imposing perturbations on the OC when it approadkes i
perihelion.

5 DISCUSSION AND CONCLUSION

We have conducted simulations of the perturbation of thet Oor
cloud in order to estimate the significance of known encasnte
in generating long period comets. According to simulatiooth of
individual encounters and encounter sequences, the pasi@ers

in our sample contribute about 5% of the current observedsd.PC
Most LPCs were instead injected from the OC by the Galaati ti
We find that HIP 89825 (GL 710) and HIP 14473 are the strongest
future and past encounters in our sample respectively, wiesex-
clude objects with questionable data. We have also quantifie
effect of other strong encounters. For most encountergpehk of
the encounter-induced LPC flux occurs about 2 Myr after time ti
of their perihelia.

Consistent with the analytical estimations of the strerafth
encounters given by Fouchard et al. (2011) land Matese & Liéssa
(2002), our simulations show that the proxy= Menc/(dihvph)
can approximate the LPC flux induced by medium encounters rea
sonably well. Although some stars came (or will come) vepsel
to the solar system, massive stars generally play a mucérleste

We also see that the observed LPCs’ aphelia are locatedin perturbing the OC and increasing the flux of LPCs. In partic

around the preferred tidal plane, where perturbations gagmn
the OC are stronger due to the solar apex motion (FBJ14).nn co
trast, the perihelia of encounters are only weakly assediatith
the tidal plane. A larger sample of encounters is requirecoto
firm the existence of the tidal plane in order to reduce thepbam

lar, the recently noted close encounter by WO720 Mamajek et a
(2015) was extremely weak.

We find that the synergy effect between encounters and the
Galactic tide is not significant over 10 Myr time scales, @lthh it
could be significant over longer time scales. A comparisothef
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simulated and observed flux of new LPCs suggests a population Dones L., Levison H. F., Duncan M. J., Weissman P. R., 2004a,

size of only10'! comets in the Oort cloud, which would require a
smaller initial mass of the solar nebula than is often assumkis

Icarus, in press
Dones L., Weissman P. R., Levison H. F., Duncan M. J., 2004b,

may resolve a possible inconsistency between the OC mass and Oort cloud formation and dynamics, Festou M. C., Keller H. U.

planet formation theories (Morbidelli 2005; Duncan et 808).
We also find that the perihelia of encounter-induced LPCsigely
follow the trajectories of strong encounters. Since the tidnnot
fully explain the anisotropic perihelia of LPCs, we expéettithere
are strong stellar encounters which have not yet been disedv
These may well be found by future astrometric surveys.
Without accounting for the perturbations from the planeid a
observation bias, our model cannot precisely predict threent
LPC flux. Yet our results on the flux of just dynamically new L$PC

Weaver H. A., eds., pp. 153-174

Duncan M. J., Brasser R., Dones L., Levison H. F., 2008, The
Role of the Galaxy in the Dynamical Evolution of Transneptu-
nian Objects, Barucci M. A., Boehnhardt H., Cruikshank D. P.
Morbidelli A., Dotson R., eds., pp. 315-331

Dybczyhski P. A., 2002, A&A, 396, 283

Dybczyhski P. A., Berski F., 2015, MNRAS, 449, 2459

Dybczyhski P. A., Krolikowska M., 2015, MNRAS, 448, 588

Everhart E., 1967, ApJ, 72, 716

are more reliable because new LPCs have enough energy to pen- Feng F., 2015, PhD thesis, preprint (arXiv:1505.07856)

etrate the Jupiter-Saturn barrier_(Heisler & Tremaine )926-
though the new LPCs can also form through the Kaib-Quinn mech
anism [(Kaib & Quinn 2009), the DLDW model has already taken
this into account, and the planets can barely influence ttxeofiu
new LPCs over a 10 Myr time span.

Feng F., Bailer-Jones C. A. L., 2013, ApJ, 768, 152

Feng F., Bailer-Jones C. A. L., 2014, MNRAS, 442, 3653 (FBJ14

Fouchard M., Froeschlé C., Rickman H., Valsecchi G. B.,1201
Icarus, 214, 334

Garcia-Sanchez J., Preston R. A., Jones D. L., WeissmRn, P.

The catalogs of encounters we have used are mainly derived Lestrade J.-F., Latham D. W., Stefanik R. P., 1999, AJ, 10421

from Hipparcos, limiting us to stars witfi < 12 and with signifi-
cant incompleteness. The Hipparcos catalogue has probrasded
about one half of the encounters (Feng 2015), which haveusnco
tered (or will encounter) the solar system over the pastyturé)

10 Myr. Gaia |(Perryman et al. 2001) should detect more thaf 90
encounters over the past/future 10 Myr and provide accuaste
trometric and spectrophotometric measurements for thesngF
2015). Our work shows that future studies of encounters ldhou
focus not only on close encounters but also on massive amd slo
encounters.
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